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Entry i n t o  planetary atmospheres can involve 
both. convectiygr.a* r a e i a t i v e  heat ing.  I n  addi t ion,  
if tbe;&&&?phere contains oxygen-bearing species ,  
&ting due t o  surface and ab la t ion  vapor combustion 
can occur. A number of experimental inves t iga t ions  
of t h e  performance of charr ing mater ia ls  under con- 
vec t ive  heat ing i n  both r e a c t i v e  and i n e r t  gas 
streams have been conducted. Rela t ive ly  l i t t l e  work 
has been done, however, on t h e  performance of these  
mater ia ls  under combined convective and r a d i a t i v e  
heat ing.  Accordingly, a systematic inves t iga t ion  
was conducted t o  evaluate  t h e  e f f e c t s  of t h e  magni- 
tude and r e l a t i v e  proportions of combined convective 
and r a d i a t i v e  heating on t h e  effect iveness  of a 
charr ing mater ia l  i n  providing pro tec t ion  against  
entry heat ing.  To evaluate  t h e  effect iveness ,  it i s  
necessary t o  determine t h e  in te rac t ions  between t h e  
material ab la t ion  products and t h e  ex terna l  heat ing 
environment. These in te rac t ions  a r e  t h e  blockage of 
convective heat ing by t h e  ab la t ion  vapors, gas-phase 
combustion, and surface combustion. Tests t o  eval-  
uate  t h e  ab la t ion  rates and t h e  in te rac t ions  were 
performed i n  a vacuum with r a d i a t i v e  heating only, 
and i n  air and ni t rogen streams with convective 
heating only, and combined convective and r a d i a t i v e  
heat ing.  The tests were performed under steady- 
state heat ing r a t e s .  This paper presents ,  analyzes, 
and discusses  t h e  r e s u l t s  of t h e  t e s t s  and describes 
and appl ies  a method f o r  u t i l i z i n g  t h e  r e s u l t s  t o  
pred ic t  t h e  behavior of t h e  charr ing mater ia l  under 
condi t ions other  than  those of t h e  present  tests. 

m e r i m e n t a l  Equipment and Models 

F a c i l i t y  

All t es t s  w e r e  conducted i n  t h e  Ames Entry 
Heating Simulator which i s  i l l u s t r a t e d  i n  Fig.  1 
and descr ibed i n  reference 1. The f a c i l i t y  cons is t s  
of separa te  convective and r a d i a t i v e  heat ing systems 
which can be operated e i t h e r  simultaneously or 
independently. The convective heating system is  a 
wind tunnel  with an arc-heated supersonic stream. 
A d e t a i l e d  descr ip t ion  of t h e  a r c  heater  i s  given i n  
re fe rence  2. 
of a carbon-arc r a d i a t i o n  source and two e l l i p s o i d a l  
mirrors .  Radiation from t h e  a r c  i s  co l lec ted  by one 
mirror; r e f l e c t e d  i n t o  a converging-diverging beam, 
and then  focused on t h e  model by t h e  other  mirror. 
The beam enters  t h e  t e s t  chamber through a quartz 
window i n  t h e  downstream end of t h e  test  chamber. 
Located a t  t h e  window is  a movable shut te r  which i s  
used t o  c o n t r o l  t h e  durat ion of t h e  r a d i a t i v e  heat  
flux. A r o t a t i n g  chopper, a l s o  loca ted  near t h e  
window, per iodica l ly  i n t e r r u p t s  t h e  beam t o  separate 
t h e  sur face  emitted and r e f l e c t e d  rad ia t ion  t o  a l l o w  
t h e  measurement of t h e  model sur face  temperature. 
The l e v e l  of t h e  appl ied r a d i a t i v e  heating i s  con- 
t r o l l e d  by placing wire-mesh screens i n  t h e  beam. 

The r a d i a t i v e  heating system cons is t s  

Ablation Models 

The a b l a t i o n  
phenolic nylon,which was a 50-50 mixture by-weight 
of powdered phenolic and nylon r e s i n s ,  and had a 
densi ty  of 75 lb/ft3. 
were i n  accordance with t h e  methods developed at 
Langley Research Center. 
a 0.75 -inch-diamet er hemisphere-cylinder with a 
0.31-inch-diameter core. The outer  shroud was 
undercut t o  reduce heat  t r a n s f e r  between t h e  core 
and shroud. 

/ -:/' 
Molding and curing procedures 

The model (Fig. 2 ( a ) )  i s  

Instrument at i on 

The instrumentat ion employed i n  t h e  present 
tests consis ted of devices and systems t o  nieasure 
t h e  following: (1) mass-flow r a t e  of t h e  t e s t  gas, 
and pressures  i n  t h e  arc-heater  reservoi r  and t e s t  
chamber; (2)  r a d i a t i v e  and cold-wall convective 
heat ing r a t e s ;  (3) model sur face  pressure; (4)  model 
sur face  temperature; and (5) ab la t ion  specimen mass, 
length,  and i n t e r n a l  i n t e r f a c e  locat ions.  

The mass-flow r a t e  of t h e  test gas and t h e  a rc-  
heater  reservoi r  pressure  were determined with a 
system conqrised of a c a l i b r a t e d  ventur i  meter and 
prec is ion  Bourdon-type gages. 
were photographed at one-eighth second i n t e r v a l s  
throughout every run i n  order t o  i n d i c a t e  any var -  
i a t i o n s  in pressure  during a run. Test  chamber 
ambient pressure  w a s  measured p r i o r  t o  each run 
with a McLeod gage. 

All pressure gages 

The r a d i a t i v e  and cold-wall convective heating 
r a t e s  and t h e  model surface pressure  were measured 
with instrumented nonablating models t h a t  had t h e  
same shape and were loca ted  i n  t h e  same pos i t ion  as 
those  f o r  t h e  a b l a t i o n  models. The same heat-  
t r a n s f e r  model was used for determining t h e  cold-  
w a l l  convective r a t e  and t h e  appl ied r a d i a t i v e  rate. 
It was a t rans ien t - type  calor imeter  (descr ibed i n  
r e f .  1) and had a copper s lug of t h e  same diameter 
as t h e  a b l a t i o n  model core. A thermocouple was 
embedded i n  t h e  rem of t h e  copper s lug t o  measure 
i t s  temperature-time h is tory .  
determined from t h e  rate of change of t h e  s lug 
temperature. To measure t h e  r a d i a t i v e  heating 
r a t e ,  t h e  calor imeter  was blackened with camphor 
soot  t o  produce a high sur face  absorptance. The 
pressure probe w a s  made ui cuyyri- sad IiaB G s L r g l c  
1/16-inch-diameter o r i f i c e  leading from the  stagna- 
t i o n  point  t o  tubing connected t o  a pressure t r a n s -  
ducer. The e l e c t r i c a l  s igna ls  from t h e  calor imeter  
and pressure t ransducer  were recorded on an 
osci l lograph.  

The heating r a t e  w a s  

A monochromatic pyrometer, similar t o  one of 
t h e  u n i t s  used i n  t h e  dual-band pyrometer described 
i n  reference 1, was used t o  measure t h e  model sur- 
face  temperature. The o p t i c a l  bandpass of t h e  
pyrometer was centered a t  approximately 0.84 micron 
and was 0.2 micron wide. The surface temperature 
was measured i n  t h e  b r i e f  i n t e r v a l  during which t h e  
r a d i a t i o n  was in te r rupted  by t h e  r o t a t i n g  chopper. 
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A va r i e ty  of instruments were used i n  perform- 
ing measurements on t h e  ab la t ion  specimens. An 
ana ly t i ca l  balance was used t o  determine t h e  mass 
of t h e  specimens; a d i a l  gage, mounted i n  a spec ia l  
f i x tu re ,  was used t o  measure t h e  length of t h e  
specimens; and a toolmakers microscope was used t o  
measure t h e  loca t ion  of an  in t e r f ace  between two 
zones i n  t h e  ab la ted  specimens. 

ahapp, tchw Gr, 
Btu Btu Test gas 

B t u  - - 
lb f t2-sec  f t2-sec  

Description of Tests  and Measurements 

Test Conditions and Procedures 

Tes ts  were performed with convective heating 
only and with combined convective and r ad ia t ive  
heating i n  both a i r  and nitrogen streams, and with 
only r ad ia t ive  heating i n  a vacuum. The ranges of 
t h e  nominal t e s t  conditions a r e  shown below, and 
t h e  a c t u a l  values a r e  l i s t e d  i n  t a b l e  I: 

% Ps , 
a t m  

- 
&hw 

A i r  

Nitrogen 

Vacuum 

1000-3000 100-200 0-400 0,&,1,2 0.04-.16 

1100-5000 100-300 0-250 $1 .04-.16 
--- --- 100-500 --- --- 

Environmental Measurements 

S igni f icant  environmental parameters i n  t h i s  
i nves t iga t ion  were t o t a l  enthalpy, stagnation-point 
pressure,  and t h e  convective and r ad ia t ive  heating 
r a t e s .  T o t a l  enthalpy was evaluated by the  equ i l ib -  
r i u m  sonic-flow method described Fn reference 3. 
Enthalpy of t h e  air stream w a s  determined f r o m t h e  
pressure  r i s e  versus enthalpy p l o t  of reference 3; 
and t h e  enthalpy of t h e  nitrogen stream was :eter- 

Separate runs were made t o  measure stagnation-point 
pressure  over t h e  c o q l e t e  ranges of t o t a l  enthalpy 
and arc- reservoi r  pressure.  
made t o  measure t h e  cold-wall convective heating 
r a t e  and t h e  r ad ia t ive  heating r a t e  at  each t e s t  
condition. The hot-wall convective heating r a t e s  
were determined from t h e  measured cold-wall r a t e s .  

ii~iieL fi-fiili iiie n i i r u g e u  c t r v e s  ui reierence 4. 

Separate runs were a l s o  

Ablation Measurements 

Ablation measurements consisted i n  weighing 
and measuring t h e  model core  before and a f t e r  each 

run. The post-run condition of t h e  specimen i s  
i l l u s t r a t e d  i n  Fig.  P ( b ) ,  a photograph of a sec-  
t ioned  model. It i s  apparent t h a t  t h e  specimen con- 
s i s t s  of t h ree  d i s t i n c t  zones: a char zone, a 
pyro lys i s  zone, and t h e  v i rg in  mater ia l .  The bound- 
a r i e s  of t hese  zones with respec t  t o  t h e  i n i t i a l  
sur face  pos i t i on  of t h e  unablated model a r e  denoted 
by X,, XC, and Xp. 

A quant i ty  defined as pyro lys is  mass loss (%) 
was determined from t h e  weight measurements. Fyrol- 
y s i s  mass loss is  t h e  d i f fe rence  between t h e  pre-run 
core  mass and t h e  post-run core mass with t h e  char 
cap removed ( see  "Pyrolysis Rate" for discussion of 
t h e  s ign i f icance  of pyro lys i s  mass loss ) .  The char 
cap was removed i n t a c t  and weighed separa te ly .  It 
always separated i n  a clean break, and t h e  sur face  
of t h e  core after removal had much t h e  same appeax- 
ance as t h e  char surface.  The mater ia l  remaining 
on t h e  core was very th in ,  however, and not e l ec -  
t r i c a l l y  conductive, whereas both t h e  f ron t  and r e a r  
sur faces  of t h e  char cap were conductive ( r e s i s t ance  
of 15 ohms o r  l e s s ) .  

From t h e  length  measurements, t h e  recessions 
of t h e  various in t e r f aces  were determined. Surface 
recess ion  (X,) i s  t h e  d i f fe rence  between t h e  pre-run 
and t h e  post-run core length before  removal of t h e  
char cap. Recession of t h e  char i n t e r f ace  (X,) i s  
t h e  d i f fe rence  between t h e  pre-run and t h e  post-run 
core  length  with t h e  char cap removed. Recession 
of t h e  pyro lys i s  i n t e r f ace  (Xp) was determined by 
cu t t i ng  t h e  model core i n  ha l f  and measuring t h e  
thickness of t h e  pyrolysis zone with a microscope. 
The thickness was added t o  t h e  char i n t e r f ace  reces-  
s ion  bo obta in  t h e  pyrolysis i n t e r f ace  recession. 

Experimental Results 

The t i m e  va r i a t ion  of t h e  ab la t ion  measurements 
and t h e  sur face  temperature for a t y p i c a l  t e s t  con- 
d i t i o n  are i l l u s t r a t e d  i n  Fig. 3. A f t e r  a t r ans i en t  
period, t h e  t i m e  va r i a t ion  of t h e  ab la t ion  measure- 
ments became l i n e a r  and t h e  sur face  temperature 
a t t a ined  an e s sen t i a l ly  s teady-s ta te  value. 
t h e  worst case, t h e  r a t e  of temperature r i s e  at t h e  
end of t h e  longest run d id  not exceed 10' R per sec-  
ond.) The slopes of t h e  l i nea r  'portion of t h e  ab la-  
t i o n  measurement curves were used t o  determine t h e  
pyro lys i s  r a t e ,  sur face  ve loc i ty ,  char i n t e r f ace  
ve loc i ty ,  and pyro lys i s  i n t e r f ace  ve loc i ty .  These 
quan t i t i e s  and t h e  f i n a l  sur face  temperatures for 
a l l  t e s t  conditions are l i s t e d  i n  t a b l e  I. 

( I n  

From t h e  sur face  and i n t e r n a l  i n t e r f ace  veloc- 
i t ies presented i n  Fig. 3 and t a b l e  I, it i s  appar- 
ent t h a t  a t  any given tes t  condition; 
hence, t h e  pyro lys i s  and char zones increased at 
constant r a t e s .  These conditions occurred i n  a l l  of 
L i r e  prese~i i  i es i s .  Ii is riui kriuwn whether they 
would have ex is ted  for runs longer than  those of t h e  
present tests (maximum run  duration var ied  from 6 
t o  29 seconds). 

Vp > VC > VS 

From measurements of t h e  su- face  temperature at  
two d i f f e ren t  wavelengths, t h e  sur face  emittance w a s  
estimated t o  be 0.85. The char sur face  was assumed 
t o  be  a grey body so t h e  absorptance was a l s o  0.85. 

Analysis and Discussion of  Results 

The t e s t  r e s u l t s  have been analyzed t o  de te r -  
mine t h e  e f f ec t s  of both t h e  magnitude and t h e  
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r e l a t i v e  proportions of t h e  convective and r a d i a -  
t i v e  components of t h e  t o t a l  appl ied heating rate 
on t h e  a b l a t i o n  behavior of phenolic nylon. Based 
on results of t h e  ana lys i s  a method has been devel- 
oped for predic t ing  ab la t ion  behavior under condi- 
t i o n s  other  than  those  of t h e  present  t e s t s .  I n  the  
present sect ion,  t h e  method i s  developed by first 
r e l a t i n g  t h e  ab la t ion  behavior t o  surface tempera- 
t u r e  and then  r e l a t i n g  sur face  temperature t o  t h e  
appl ied heat ing rate. 

Ablation Behavior 

The a b l a t i o n  of phenolic nylon can be charac- 
t e r i z e d  by s e v e r a l  ab la t ion  r a t e s .  An important one 
is t h e  pyro lys i s  rate (%) which i s  t h e  r a t e  of 
production of t h e  end products of pyrolysis ,  namely, 
carbonaceous char and ab la t ion  vapors. Another i s  
t h e  char removal rate (kr) .  
w i l l  be discussed f i rs t .  

The pyrolysis  rate 

Pyrolysis  r a t e . -  The pyrolysis  r a t e  i s  t h e  sum 
of t h e  vapor-production and t h e  char-production 
r a t e s .  This  f a c t  can be demonstrated by consider-  
ing t h e  manner i n  which % is  determined. Fyrol- 
y s i s  mass loss i s  t h e  d i f fe rence  i n  mass between the 
unablated model core  and t h e  post-run core with t h e  
char cap removed. In terms of t h e  in te r face  loca-  
t i o n  ( see  Fig. 2 (b ) )  

mp = P&C + (Pm - pp)(xp - X C )  ( 1) 

where Pm i s  t h e  densi ty  of t h e  v i r g i n  mater ia l  
and Pp i s  t h e  mean densi ty  i n  t h e  pyrolysis  zone. 
The term pGC is  t h e  mass (per un i t  a rea)  of t h e  
mater ia l  which has been completely degraded t o  char  
and vapors, and t h e  term (Pm - p p ) ( X p  - X,) i s  t h e  
mass of vapor produced i n  t h e  pyrolysis  zone. 
Pyrolysis  r a t e  i s  t h e  time der iva t ive  of t h e  pyrol-  
y s i s  mass los s ;  thus 

= PmVc + ( o m  - pp)(vp - vc) ( 2 )  

Equation (2)  can be rearranged as follows 

;.P = ( p m  - pc)vc + (Dm - pp)(vp - vc) 
'Rate of production of '  ' R a t e  of production of' 

vapors i n  completely vapors i n  p a r t i a l l y  
degraded mater ia l  degraded material 

+ pcvc 
'Chas -production' 

rat e (3) 

The f i rs t  two terms a r e  t h e  vapor-production r a t e  
(h) and t h e  t h i r d  term is  t h e  char-production r a t e  
(&p) Thus 

L! . .  m = m". + Til-- 
Y "Y LY 

A c o r r e l a t i o n  of a l l  measured values of pyroly- 
sis rate with sur face  temperature is  shown i n  Fig. 4. 
The c o r r e l a t i o n  includes r e s u l t s  from tests with 
r a d i a t i o n  only, convection only, and convection and 
r a d i a t i o n  combined i n  both air and ni t rogen streams. 
(The var ious symbols a r e  l i s t e d  i n  t a b l e  I.) 
f a c t  t h a t  a l l  t h e  results c o r r e l a t e  on a common 
curve demonstrates t h a t  % i s  a funct ion s o l e l y  Of 
t h e  surface temperature, and t h e  cor re la t ion  i s  
unaffected by (1) t h e  mode of heat  t r a n s f e r ,  (2) the  
occurrence of combustion, and (3) t h e  sur face  
pres  sure .  

The 

The two components of t h e  pyro lys i s  rate were 
determined i n  t h e  following manner. The char-  
production rate w a s  evaluated from t h e  measurements 
of PC and Vc. The mean-char densi ty  was determined 
for each a b l a t i o n  model, and t h e  r e s u l t s  i n d i c a t e  
it is  a func t ion  of sur face  temperature. It 
increases  from about 20 Ib / f t3  at  @0Oo R t o  about 
26 lb/f t3  a t  5600' R. 
ve loc i ty  for each test  condi t ion are l i s t e d  i n  
t a b l e  I. With t h e s e  results, t h e  char-production 
rate was determined, and then  t h e  vapor-production 
rate was determined from Eq. ( 4 ) .  The char- and 
vapor-production rates are p l o t t e d  against  sur face  
temperature i n  Fig. 5. Data for a l l  tes t  condi t ions 
a r e  included i n  t h e  f igure;  from t h e  r e s u l t s ,  it i s  
concluded t h a t  both t h e  char-  and vapor-production 
r a t e s  a r e  funct ions so le ly  of t h e  surface tempera- 
ture. These cor re la t ions  are unaffected by t h e  
mode of heat  t r a n s f e r ,  t h e  occurrence of combustion, 
and sur face  pressure.  I n  a l a t e r  sec t ion ,  t h e  
vapor-production rate w i l l  be  shown t o  be par t icu-  
larly important i n  t h e  c o r r e l a t i o n  of both convec- 
t i v e  blockage and gas-phase combustion e f f e c t s .  

I n  any appl ica t ion  of t h e  present  r e s u l t s ,  it 

Values of t h e  char  i n t e r f a c e  

i s  important t o  know t h e  r a t e  at  which t h e  pyro lys i s  
zone advances i n t o  t h e  v i r g i n  material. From t h e  
c o r r e l a t i o n  of % and Vp with sur face  temperature, 
it can be shown t h a t  for these  t e s t s ,  

vp = & = 0.016 % (5) 

Char-removal r a t e .  - Char-removal r a t e  i s  
r e l a t e d  t o  t h e  sur face  recession ve loc i ty  (V,) by 
t h e  equation 

kr = Pcvs (6) 

Surface recess ion  ve loc i ty  has been determined for 
a l l  t e s t  condi t ions and i s  l i s t e d  i n  t a b l e  I. 
These values ,  toge ther  with t h e  measured char den- 
s i t y ,  have been used t o  determine 
results are p l o t t e d  as a funct ion of sur face  tem- 
pera ture  and pressure i n  Fig. 6. 

I&, and t h e  

Comparison of t h e  r e s u l t s  of t e s t s  with rad ia-  
t i o n  only and i n  ni t rogen shows t h a t  the  ni t rogen 
stream was i n e r t .  These r e s u l t s  c o r r e l a t e  on a 
cornon curve labe led  " i n e r t  environment .I' The mech- 
anisms responsible  for t h e  f i n i t e  surface recess ion  
i n  t h e  i n e r t  environment are not known. Because of 
t h e  agreement between t h e  ni t rogen and r a d i a t i o n  
data ,  it is  concluded t h a t  t h e  mechanism is  ne i ther  
aerodynamic shear  nor chemical reac t ions  between 
t h e  ni t rogen and t h e  char surface.  One poss ib le  
mechanism is  shrinkage. The sharp increase i n  
char-removal r a t e  i n  heating by r a d i a t i o n  only at  a 
temperature of about 5550' R i s  a t t r i b u t e d  t o  sub- 
l imat ion of t h e  char. Hence, 5550° R i s  taken t o  
be t h e  sublimation temperature oi phenolic nylon 
char corresponding t o  t h e  pressure at which these  
t e s t s  were performed (100 < ps < 300 microns). 

A cons is ten t  family of pressure-dependent 
curves is f a i r e d  through t h e  air  data  and i n d i c a t e  
t h a t  i n  an air  stream t h e  char-removal r a t e  
increases  with both increasing sur face  temperature 
and pressure.  The increment between any of t h e  a i r  
curves and t h e  i n e r t  environment curve (A?&) i s  
a t t r i b u t e d  t o  sur face  combustion. Because of d i f -  
ferences i n  t h e  environment at  t h e  char sur face  
between t h e  r a d i a t i o n  only and a i r - f low cases ,  it is  
not known whether sublimation e f f e c t s  a r e  present  i n  
t h e  air  data. 
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I 

The r e s u l t s  shown i n  Fig. 6 can be analyzed t o  
determine t h e  natlu-e of t h e  sur face  combustion 
reaction. Such reac t ions  a r e  usually c l a s s i f i ed  as 
d i  f f us ion cont ro l led  , r eac t  ion -rat e controlled,  or 
t r a n s i t i o n a l  between d i f fus ion  and r a t e  controlled.  
I n  t h e  diffusion-controlled regime, t h e  oxidation 
process i s  cont ro l led  by t h e  amount of oxygen which 
diffuses through t h e  boundary l aye r  t o  the  surface.  
I n  t h i s  case,  t h e  mass-loss r a t e  due t o  surface 
combustion i s  given by an  equation of t h e  form’,‘ 

where Rn i s  t h e  nose radius.  Equation (7) ind i -  
ca tes  t h a t  i n  t h e  diffusion-controlled regime t h e  
reac t ion  depends on t h e  sur face  pressure and the  
nose rad ius  and is independent of the  temperature. 
In t h e  ra te -cont ro l led  regime t h e r e  i s  su f f i c i en t  
oxygen at  t h e  sur face  for t he  oxidation process t o  
be cont ro l led  by t h e  chemical-reaction r a t e .  In  
t h i s  case, t h e  mass-loss r a t e  due t o  surface com- 
bustion i s  given by an equation of t he  Arrhenius 
form7 , 

The form of Eq. (8) ind ica tes  t h a t  i n  t h e  r a t e -  
cont ro l led  regime , t h e  sur face  combust ion r eac t ion  
depends upon sur face  temperature and t h e  p a r t i a l  
pressure of oxygen at  t h e  sur face  and i s  independ- 
ent of nose rad ius .  The char-removal r a t e  due t o  
surface combustion shown i n  Fig. 6 exhib i t s  a 
strong dependence on temperature, thus suggesting 
t h a t  i n  t h e  present t e s t s ,  t he  surface combustion 
was reac t ion- ra te  controlled.  

On t h e  bas i s  of t h i s  suggestion, a cor re la t ion  
of t he  values of was attempted. It was 
found t h a t  t h e  values could be cor re la ted  with t h e  
surface temperature and t h e  square roo t  of sur face  
pressure as shown i n  Fig. 7. The f a c t  t h a t  t h i s  
co r re l a t ion  i s  based on ( P ~ ) ’ ’ ~  r a the r  than on 
(pos)n 
pressures.  Such a r e l a t ionsh ip  has not been estab- 
l i shed  because of uncer ta in t ies  i n  t h e  e f f ec t s  of 
convective blockage and gas-phase combustion on t h e  
oxygen p a r t i a l  pressure at t h e  surface.  

suggests a r e l a t ionsh ip  between t h e  two 

The co r re l a t ion  shown i n  Fig. 7 m y  not be 

(1) The sur face  pressure i s  outside t h e  range 

(2) The nose rad ius  d i f f e r s  from t h a t  of t h e  

appl icable  t o  other heating conditions i f :  

of t h e  present t e s t s ;  

present t e s t s  - f o r  bodies of l a rge r  nose 
rad ius ,  t h e  sur face  combustion may be 
d i f fus ion  controlled; 

(3)  Convective blockage and gas-phase combus- 

t h e  present tests - t hese  e f f ec t s  tend t o  
reduce t h e  d i f fus ion  of oxygen t o  t h e  
sur face .  

i i u i r  erreiis ai= X f f e r ~ ~ t  t l - 3 ~ ~  5f 

Relationship Between Surface Temperature and 
Applied Heating Rate 

The cor re la t ions  ju s t  presented demonstrate 
t h a t  t h e  ab la t ion  behavior of phenolic nylon is a 
function of t h e  sur face  temperature. Thus i f  sur- 
f ace  temperature can be  determined for any given 
appl ied  heating condition, t h e  ab la t ion  behavior 
can be determined. I n  t h i s  sec t ion  t h e  surface 
heat balance i s  discussed and t h e  applied heat 

(LpP) i s  r e l a t e d  t o  t h e  net heat t h a t  reaches t h e  
sur face  (tn). 
representing t h e  e f f e c t s  of convective blockage, 
surface combustion, and gas -phase combustion. The 
experimental r e s u l t s  are used t o  evaluate t h e  
blockage and combustion e f f ec t s  and t o  r e l a t e  
t o  surface temperature. 

The r e l a t ionsh ip  involves terms 

in 

Surface heat balance.- The various terms i n  t h e  
sur face  heat balance are presented i n  sketch (a). 

SURFACE HEAT BALANCE 
CONVECTION 

RADIATION a i r  

CONDUCTION 

RERADIATION E ( T T ~  ---kg)s 

GAS - PHASE 4cg 
COMBUSTION 

SURFACE 4 c s  
COMBUSTION 

Sketch (a) 

The equation for t h e  surface heat balance can 
be wr i t t en  as follows: 

khW - tb + utr + hg + - c5TS4 = -k E)s 

E)s 

(9) 
Define hap, = &hw + a&. as the  applied heating 
r a t e ,  and qn as t h e  net heat reaching the  surface.  
Then, 

- tn = Lpp - t b  + kg + hs = E f l s  

(10) 

With t h i s  equation, in 
given LPp i f  t h e  heating r a t e s  due t o  convective 
blockage, gas-phase combustion, and sur face  cornbus- 
t i o n  a re  known. 

can be  determined f o r  a 

The ind iv idua l  terms i n  Eq. (10) were evaluated 
by tests i n  d i f f e ren t  environments. The in term 
was determined from r e s u l t s  of t h e  r ad ia t ion  only 
tests, Elb was determined from r e s u l t s  of t h e  t e s t s  
i n  a nitrogen stream, and t h e  combustion terms were 
determined from r e s u l t s  of t h e  tests i n  an air  
stream. 

Net heating r a t e . -  I n  t h e  case of a rad ia t ion  
only environment, t h e  equation f o r  tn reduces t o  

(11) Els &, = hPp = atr = EoT,* - k 
The r e s u l t s  of t e s t s  i n  t h e  r ad ia t ion  only 

environment are l i s t e d  i n  t a b l e  I and shown i n  Fig. 
8 where tn = aqr i s  p lo t t ed  aga ins t  sur face  tem- 
perature.  
apparent s ince  tn becomes e s sen t i a l ly  independent 
of temperature at about 5550’ R. 

The onset of sublimation i s  r ead i ly  

A t  higher 
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pressures,  t h e  sublimation temperature w i l l  
increase and t h e  tn curve w i l l  not f l a t t e n  off 
u n t i l  a higher value of in i s  reached. (Note 
t h a t  when sublimation occurs, an addi t iona l  term 
representing t h e  heat absorbed i n  t h e  sublimation 
process must be added t o  Eq. (ll).) The dashed 
l i n e  i n  Fig.  8 represents  t h e  energy re rad ia ted  
from t h e  sur face  when t h e  char is assumed t o  be a 
grey-body r ad ia to r  with an emittance of 0.85. A t  
any given surface temperature, t h e  hor izonta l  spac- 
ing between t h e  v e r t i c a l  ax i s  and t h e  dashed curve 
represents  t h e  por t ion  of tn which i s  r e rad ia t ed  
from t h e  surface,  and t h e  spacing between t h e  two 
curves represents  t h e  por t ion  of tn which i s  con- 
ducted i n t o  t h e  mater ia l .  Note t h a t  for tempera- 
t u r e s  below t h e  onset of sublimation, conduction i s  
about 23 percent of tn. 

It is of i n t e r e s t  t o  determine t h e  amount of 
conducted heat absorbed per pound of pyrolyzed 
mater ia l .  The quantity -k[&/dx),I/$ increased 
from 1395 Btu/lb at  4000’ R t o  1790 Btu/lb at 
5 b O o  R i n  t he  present t e s t s .  These values a r e  50 
t o  90 percent la rger  than t h e  corresponding value 
for Teflon. 

Convective blockage.- I n  t h e  case of a n i t r o -  
gen stream which w a s  e s sen t i a l ly  i n e r t  i n  t h e  p re s -  
ent t e s t s ,  t he  equation for tn reduces t o  

where {b = (1 - $)‘IChw. The f ac to r  $ i s  t h e  
r a t i o  of t h e  convective heating r a t e  t o  an ab la t ing  
surface t o  t h e  convective heating r a t e  t o  a nonab- 
l a t i n g  sur face  at  t h e  same temperature. This f a c -  
t o r  can be  determined from Eq. (12) for each t e s t  
condition i n  nitrogen s ince  a l l  t h e  o ther  terms a r e  
known. 

Resul t s  of t h e  nitrogen t e s t s  a r e  l i s t e d  i n  
t a b l e  I1 and shown i n  Fig. 9 which is  a p lo t  of $ 
agains t  t h e  mass t r a n s f e r  parameter B. The s o l i d  
l i n e  i s  a f a i r i n g  through t h e  r e s u l t s  of t h e  present 
t e s t s ,  and t h e  dashed l i n e  i s  a predic t ion  computed 
by t h e  method of reference 9 for a mean molecular 
weight of t h e  e jec ted  vapors of about 15.  The two 
da ta  po in t s  a t  t h e  highest  value of B are fo r  
combined convective and r a d i a t i v e  heating. 
a r e  a t tached  t o  these  poin ts  t o  ind ica t e  t h e  uncer- 
t a i n t y  i n  j .  for these  t e s t s  due t o  changes i n  t h e  
l e v e l  of r a d i a t i v e  heating caused by deposit ion of 
ab la t ion  vapors on t h e  window at t h e  end of t h e  
t es t  chamber. 

B a r s  

The t r end  of t h e  present r e s u l t s  agrees r ea -  
sonably with t h e  pred ic ted  curve at higher values 
of B, but departs s ign i f i can t ly  at lower values of 
B. I n  f a c t ,  t h e  measured values ind ica t e  increases  
r a t h e r  t h i n  the ~ r e i l i ~ t e ?  6ecrenses :?. he& trzcs- 
f e r .  S imi la r  results a t  low values of B have 
been repor ted  i n  forced mass-transfer s tud ies .  
Barber’’ obtained values of $ i n  excess of 1.0 
for i n j e c t i o n  of hydrogen, helium, and nitrogen 
i n t o  air a t  t h e  s tagnat ion  poin t  of an axisymmetric 
body. 
for i n j e c t i o n  of helium i n t o  a laminar air boundary 
l aye r  along t h e  surface of a cone. 

Pappas and Okunoll obtained similar r e s u l t s  

Sur face  combustion. - The sur face  combustion 
heating r a t e ,  i,,, w a s  determined from the  r e s u l t s  . \“. 
Of t h e  su r face  recess ion  measurements by t h e  equa- 

where Hrc i s  t h e  hea t  of r eac t ion  of t h e  sur face  
oxidation process, and hr is t h e  increment of 
char removal due t o  sur face  combustion. It w a s  
assumed t h a t  a l l  t h e  heat re leased  i n  t h e  surface 
combustion r eac t ion  adds d i r e c t l y  t o  tn (Eq. (10)). 

The heat of r eac t ion  was computed on t h e  
assumption t h a t  t h e  oxygen i n  t h e  air stream was a n  
equilibrium mixture of t h e  atomic and molecular 
species a t  t h e  sur face  pressure  and temperature. 
The heats of r eac t ion  of atomic and molecular oxy- 
gen with carbon were obtained from thermo-chemical 
properties.12 The end product of t h e  sur face  com- 
bus t ion  was assumed t o  be carbon monoxide. The 
heat of r eac t ion  ranged from 4350 t o  7300 Btu/lb 
char for sur face  temperature and pressure  of 4170°R 
and 0.045 a t m  and 5393’ R and 0.072 a t m ,  
respec t ive ly .  

Gas-phase combustion. - I n  evaluating t h e  gas- 
phase combustion heating r a t e ,  ‘ICg, occurring dur- 
ing t h e  tests i n  air ,  a l l  t h e  terms i n  Eq. (10) 
must be considered. Thus, 

The term kg can be evaluated from t h i s  equation 
s ince  a l l  t h e  o ther  term a r e  known. The cor re la -  
t i o n  shown i n  Fig.  9 i s  employed t o  evaluate t h e  
convective heat blockage. To determine t h e  mass- 
t r a n s f e r  parameter B, i n  an  air  stream, t h e  CO 
re leased  i n  t h e  sur face  r eac t ion  i s  included as a 
component of t h e  vapors in j ec t ed  i n t o  t h e  boundary 
l aye r .  The rate of CO production i s  2.33 A&r so 
t h a t  t h e  mass-transfer parameter becomes 

B = (& + 2.33 &cr) 

%hw 

I n  order t o  develop a co r re l a t ion  fo r  &,, 
use was made of t h e  concept t h a t  t h e  e f f e c t  of’com- 
bustion r eac t ions  can be t r e a t e d  as an increase  i n  
t h e  enthalp po ten t i a l .  (This concept has been used 

input t o  t h e  surface i s  assumed t o  be of t he  form 
Thus t h e  t o t a l  convective heat 

where &hcg is  t h e  enthalpy increment assoc ia ted  
with t h e  combustion reac t ions .  Evaluation of t h i s  
enthalpy increment depends upon whether t he re  i s  
s u f f i c i e n t  oxygen t o  r e a c t  with a l l  t h e  vapors. 
For an  oxygen-rich mixture, t h e  following r e l a t ion  
is  used, 

where peve i s  t h e  mass flux of air at t h e  
boundary-layer edge, and Hrv i s  t h e  mean heat of 
r eac t ion  per pound of vapor. 
t u r e ,  Ahc i s  not propor t iona l  t o  %, but i s  
equal t o  !he value for a stoichiometric mixture; 
t h a t  i s ,  

I n  a fue l - r i ch  mix- 

Hrv 
m c g  = k 

where k i s  t h e  mass of air  per un i t  mass of vapors 
requi red  f o r  a s to ich iometr ic  mixture. I n  t h e  pres -  
en t  t e s t s ,  t h e  occurrence of sur face  combustion 
shows t h a t  a l l  t h e  oxygen was not consumed by vapor 
combustion; t h a t  i s ,  owgen-rich combustion occurred. 
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Since t h e  gas-phase combustion heating i s  
t r e a t e d  as a convective input,  it i s  of i n t e r e s t  t o  
r e l a t e  t h e  combustion heating t o  t h e  net convective 
heating t h a t  would reach t h e  sur face  i n  t h e  absence 
of combustion. From Eqs. (16) and (17) 

An expression f o r  t h e  mass flux of air at t h e  edge 
of t h e  boundary laydr,  p,v,, can be developed from 
t h e  work of Howe." The result i s  

Peve = 0.0414 f e  / ($$ (A) Ze-1'4 

(a) 
where f e  and Te a r e  t h e  stream function and t e m -  
perature,  respec t ive ly ,  at  t h e  edge of t h e  boundary 
layer ,  and Ze i s  t h e  compressibil i ty f ac to r .  
With t h e  expression f o r  peve from Eq. (a), t h e  
f i n a l  form of Eq. (19) becomes 

r 1 

This equation suggests t h e  quant i t ies  t h a t  
must be considered i n  cor re la t ing  t h e  data on gas-  
phase combustion heating. Those quant i t ies  appear- 
ing within t h e  brackets a r e  e i the r  known from t h e  
measurements or can be d i r e c t l y  evaluated. It is  
d i f f i c u l t ,  however, t o  evaluate qv and fe. For 

Hrv, t h e  spec i f i c  chemical reac t ions  must be known; 
such knowledge i s  not present ly  available.  Values 
of f as a function of t h e  dimensionless d is tance  
from t h e  sur face  a r e  given i n  re ference  17 f o r  t h e  
case  of mass t r ans fe r ,  but it i s  d i f f i c u l t  t o  iden- 
t i f y  t h e  boundary-layer edge distances apprapriate 
t o  t h e  t e s t  conditions. However, ne i ther  Hrv nor 
f e  
they a r e  e s sen t i a l ly  constant for t h e  range of t es t  
conditions considered. It can be shown17 t h a t  f e  
w a s  reasonably constant f o r  t h e  present t e s t  con- 
d i t i ons .  The constancy of Hm cannot be estab- 
l i shed  a p r i o r i ;  however, t h e  assumption t h a t  it 
was es sen t i a l ly  constant appears reasonable f r o m  a 
consideration of t h e  probable combustion reac t ions .  

need be  evaluated for cor re l a t ion  purposes i f  

The results f o r  gas-phase combustion heating 
a r e  co r re l a t ed  on t h e  foregoing bas i s  i n  Fig. 10. 
The random s c a t t e r  about t h e  mean f a i r i n g  is  no 
g rea t e r  t han  might be expected considering t h a t  
qc 
bafance equation. From t h e  co r re l a t ion  presented 
i n  Fig. 10, t h e  following i s  concluded: (1) gas- 
phase combustion heating can be  t r e a t e d  as a convec- 
t i v e  process; and (2)  t h e  mean heat of reac t ion  of 
t he  gas-phase chemical reac t ions  was re l a t ive ly  
constant.  

i s  t h e  las t  term t o  be evaluated from t h e  heat 

Ef fec ts  of Magnitude and Relative Proportions 
of Applied Heat 

With t h e  cor re la t ions  of t h e  ab la t ion  behavior 
and t h e  evaluations of t h e  convective blockage and 
gas-phase and sur face  combustion, t h e  ab la t ion  

performance of phenolic nylon can be  predic ted  f o r  
s teady-s ta te  heating conditions o ther  than those of 
t h e  present t e s t s .  Also, t h e  e f f ec t s  of t h e  magni- 
tude and t h e  r e l a t i v e  proportions of t h e  convective 
and r ad ia t ive  components of t h e  appl ied  heating 
r a t e  can be  determined. 
describe t h e  performance i s  t h e  e f f ec t ive  heat of 
abla t ion ,  which i s  defined as 

The parameter chosen t o  

Thus Heff r epresents  t h e  amount of applied thermal 
energy accommodated per un i t  mass of mater ia l  pyrol-  
yzed. F'rom Eq. (10) it is  apparent t h a t  Heff can 
be expressed as follows: 

(23) 

The applied heating i s  accommodated by convective 
blockage, r e rad ia t ion  from t h e  sur face  or conduction 
i n t o  the  mater ia l .  
mechanisms a r e  t h e  gas-phase and sur face  combustion 
heating e f f ec t s .  

Offse t t ing  these  accommodation 

The ab la t ion  performance i s  pred ic ted  by an 
i t e r a t i v e  technique which can be  described as fol- 
lows: For given values of Lhw, R,, and 

Assume a sur face  temperature and evaluate 
t h e  convective blockage and combustion 
heating . 
Determine &, from Eq. (lo), and from 
Fig. 8, f i n d  sur face  temperature. 

Repeat u n t i l  t h e  f i n a l  value of surface 
temperature agrees with t h e  assumed value. 

With t h e  f i n a l  value of temperature, 
determine t h e  pyro lys i s  r a t e  from Fig. 4. 
Compute Heff from Eq. (22).  

This method has been applied t o  determine the  
e f fec t  of t h e  magnitude and mode of heat  t r ans fe r  
on t h e  ab la t ion  performance of phenolic nylon for 
t h e  following two s e r i e s  of heating conditions i n  
an  a i r  stream: 

Se r i e s  1 Ser ies  2 
GChw, Btu/ft2sec 400 m0, 133 200 

u4r, Btu/ft2sec 0, 200, 267 0, 200, 400 
0 ,  1, 2 0 ,  1, 2 

LPp, Btu/ft2sec 400 200, 400, 600 

Glapp, B i u j i b  jvvu t o  20,000 3000 t o  20,000 

Rn, ft  0.0313 (318 i n . )  0 . O m  

The f i r s t  s e r i e s  w a s  se lec ted  t o  i l l u s t r a t e  t h e  
e f fec t  of t h e  r e l a t i v e  proportion of t h e  applied 
heat by keeping t h e  magnitude of t h e  appl ied  heating 
(gapp) constant and varying t h e  proportions of r ad i -  
a t ion  and convection (u{r/&kw); The second se r i e s  
was se lec ted  t o  i l l u s t r a t e  t e in t e rac t ion  between 
t h e  magnitude and r e l a t i v e  proportions of t h e  
appl ied  heat by keeping khW constant and adding 

various increments of r ad ia t ion .  A comparison of 
t h e  two se r i e s  i l l u s t r a t e s  t h e  e f fec t  of magnitude 
of applied heating alone. Since iChw and Rn a re  
held constant i n  s e r i e s  2, t h e  stagnation-point 
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pressure  decreases with increasing ahapp. I n  
se r i e s  1, Rn i s  held constant and gChw is d i f -  
fe ren t  for each value of a&/&hw; hence, the  
va r i a t ion  of pressure with Ahapp i s  d i f f e ren t  
for each value of 

I n  determining t h e  e f f ec t s  of convective 
blockage, it was necessary t o  ex t rapola te  t h e  expep 
imental $ curve of Fig. 9 t o  higher values of B. 
For t h i s  purpose, t h e  pred ic t ion  computed by t h e  
method of re ference  9 was extended beyond t h e  
range shown i n  Fig. 9. The r e su l t i ng  curve w i l l  
approach an asymptotic value of 
of B of about 2. The e f f ec t  of using a f i n i t e  
asymptote w i l l  be discussed. 

$ = 0 at  a value 

The r e s u l t s  of t h e  ca lcu la t ions  of Hezf for 
se r i e s  1 and 2 are p lo t t ed  aga ins t  Ahapp in Figs. 
l l (a)  and (b ) ,  respec t ive ly .  
e f f ec t s  of t h e  various heat accommodation mecha- 
nisms, t h e  severa l  components of Heff a r e  a l s o  
p lo t ted .  From these  r e s u l t s ,  it can be  concluded 
t h a t  t h e  most e f f ec t ive  heat accommodation mecha- 
nisms are convective blockage and re rad ia t ion .  
Under high convection conditions,  convective block- 
age i s  l a r g e r  than re rad ia t ion ;  and under high 
r ad ia t ion  conditions,  t h e  opposite i s  t r u e .  Under 
a l l  conditions,  t h e  heat accommodation by pyrolysis 
and s torage  ( i . e . ,  t h e  conduction component) i s  
small. It should be noted t h a t  under a l l  condi- 
t i o n s  examined t h e  heat added by both gas-phase and 
sur face  combustion i s  small and decreases with 
increasing Ahapp. The summation of t h e  heat 
accommodation terms, l e s s  t h e  combustion terms, 
increases with increasing ahapp, causing Heff t o  
increase  with increasing Ahapp. 

To i l l u s t r a t e  t h e  

The increase  i n  Heff continues u n t i l  t h e  
heat accommodation by convective blockage reaches 
a maximum corresponding t o  a value of $ = 0. When 
t h i s  occurs, a l l  t h e  applied convective heating i s  
blocked, and a l l  t h e  components of Heff become 
e s s e n t i a l l y  constant.  An asymptotic value of 
j r  = 0 may not be r e a l i s t i c .  Tes t  r e s u l t s  for 
Teflon' i nd ica t e  t h a t  J, approaches a f i n i t e  
asymptote. Since tes t  results at  l a rge  values of 
B are lacking for phenolic nylon, t he  exact asymp- 
t o t i c  va lue  of Ji i s  unknown. However, t h e  e f fec t  
of a f i n i t e  value can be i l l u s t r a t e d  i f  j l  i s  
assumed t o  approach 0.1. For t h e  condition tlchw = 
200 Btu/ft2sec,  a& = 200 Btu/ft2sec, and Ahapp = 

20,000 Btu/lb, Heff = 11,200 Btu/lb for $ = 0 and 
9700 Btu/lb for JI = 0.1. 

The e f f e c t  on H e y  of changing t h e  r e l a t i v e  
proportions of convective t o  r ad ia t ive  heating at  a 
constant magnitude of hPp is  i l l u s t r a t e d  i n  Fig. 
1 2 ( a ) .  The curves i l l u s t r a t e  t h a t  t h e  var ia f . ion  nf 
Heff with ahapp is  not t h e  same for d i f f e ren t  
proportions of r ad ia t ive  t o  convective heating. A t  
high enthalpy, Heff 
heating, whereas at  low enthalpy, t h e  opposite i s  
t rue .  

i s  highest  for convective 

Fig. 12(b) shows t h e  changes i n  Heff r e su l t i ng  
from adding various increments of r ad ia t ive  heating 
t o  a given magnitude of convective heating. 
t r ends  with t h e  proportion of r ad ia t ive  t o  convec- 
t i v e  heating are e s sen t i a l ly  t h e  same as those 
shown i n  F ig .  12 (a ) .  By comparing t h e  r e s u l t s  i n  
Figs.  l 2 ( a )  and ( b ) ,  one can determine t h e  e f fec t  

The 

va lue  of a&./&hw, Heff increases with increased 
?bpp (compare curves for e i t h e r  = 0 or 2) .  

Conclusions 

From t h e  results of t h e  inves t iga t ion  of t h e  
ab la t ion  of phenolic w l o n  under t h e  various hea t -  
ing  conditions, t h e  following conclusions a r e  
reached: 

1. The ab la t ion  can be characterized by t h e  
mass rate of pyrolys is  of t h e  material ,  t h e  end 
products of pyrolys is  being vapors and a carbona- 
ceous residue. 
on t h e  bas i s  of sur face  temperature, and thus  a t  a 
given sur face  temperature, was independent of t h e  
mode of heating. Surface temperature i t s e l f  w a s  a 
function of both t h e  magnitude and mode of heating. 

2. The e f f ec t ive  heat of ab la t ion ,  defined as 

The pyro lys i s  r a t e  cor re la ted  so le ly  

t h e  applied heat accommodated per un i t  mass of 
mater ia l  pyrolyzed, was dependent upon t h e  heating 
conditions.  The e f fec t iveness  increased with 
increasing t o t a l  appl ied  heating r a t e  for constant 
proportions of r a d i a t i v e  t o  convective heating. 
A s  t h e  proportion of r ad ia t ive  heating was increased 
for a constant t o t a l  heating r a t e ,  t h e  e f fec t iveness  
increased at low enthalpies,  and decreased at high 
enthalpies.  

3. For convective heating alone, and for 
combined convective and r ad ia t ive  heating, t h e  
dominant heat -accommodation mechanisms were t h e  
blockage of convective heating by t h e  ab la t ion  
vapors, and t h e  r e rad ia t ion  of heat by t h e  hot char 
surface.  The heat absorbed i n  pyrolyzing t h e  
material was small for a l l  conditions examined. 

4. Two mechanisms involving t h e  in t e rac t ion  
of t h e  ab la t ion  vapors with boundary-layer species,  
t h e  blockage of convective heating and gas-phase 
combustion, could be  cor re la ted  on t h e  bas i s  of 
t h e o r e t i c a l  considerations.  

5 .  Char recess ion  was found t o  increase  with 
sur face  temperature for a l l  heating conditions.  
Essent ia l ly  i d e n t i c a l  results were obtained for 
r ad ia t ive  heating i n  a vacuum, and f o r  various com- 
binations of heating i n  a nitrogen stream. The rea- 
son for char recess ion  under these  conditions i s  
not understood. Higher recess ion  rates occurred i n  
an air stream; t h e  incremental r a t e s  were a func- 
t i o n  not only of sur face  temperature but  also of 
pressure.  The incremental recession i n  air i s  
a t t r i b u t e d  t o  r eac t ion - ra t e  l imi ted  oxidation. 

N o m m c l  a f i r e  

B mass t r a n s f e r  parameter, ( & A ~ ~ ~ ~ / B ~ ~ ~ )  
C constant i n  Eq. (7) 
E ac t iva t ion  energy, Btu/lb-mole 

f dimensionless stream function 

G defined by Eq. (21) 

stream t o t a l  enthalpy, Btu/lb 

applied enthalpy poten t ia l ,  (h t  - hs) ,  
ht 
Ahapp Btu/lb 

ahcg 
enthalpy p o t e n t i a l  due t o  gas-phase 

combust ion.  B t  u/lb of - the  m&nitude'of'applied heating. A t  a given 
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e f f e c t i v e  heat of ab la t ion ,  Btu/lb 

heat of reac t ion  of sur face  material, 

heat of reac t ion  of vapors, Btu/lb 

thermal conductivity 

mass flux of air  per  u n i t  mass of vapors 

frequency f a c t o r ,  l b / f t 2 (  a t m )  nsec 

pyrolysis  mass loss  per  un i t  area,  l b / f t 2  

pyrolysis  r a t e ,  lb / f t2sec  

char -product ion rat e, lb/f t2sec 

char-removal r a t e ,  lb / f t2sec  

vapor -product ion rat e, lb / f t2sec  

pressure  exponent 

pressure,  a t m  
appl ied heating r a t e ,  Btu/ft2sec 

convective heating r a t e  blocked by mass 

hot - w a l l  convective heating r a t e ,  Btu/f t2sec 

gas-phase combustion heat ing r a t e ,  

sur face  combustion heat ing rate, Btu/ft2sec 

ne t  heating rate, Btu/ft2sec 

r a d i a t i v e  heat ing rate, Btu/ft2sec 

universa l  gas constant, Btu/lb-mole % 
body nose radius ,  ft 
temperature, 91 
i n t e r f a c e  ve loc i ty ,  f t / s e c  

stream ve loc i ty  component normal t o  body, 

d i s tance  along body center  l i n e  from o r i g i -  

d i s tance  normal t o  body surface,  ft 

compressibi l i ty  f a c t o r  

sur face  absorptance 

increment of change 

sur face  emittance 

dens i ty ,  l b / f t 3  

S t  efan-Boltzmann constant 

Btu/lb 

f o r  s toichiometr ic  mixture 

t r a n s f e r  , Btu/ft2sec 

B t  u/f t2s  ec 

f t / s e c  

n a l  pos i t ion  of unablated surface,  f t  

hea t  blockage f a c t o r  

Subscr ipts  

c char 

e boundary-layer edge 

m v i r g i n  mater ia l  

o oxygen 

p pyro lys i s  

s sur face  
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